Significance StatementHurler syndrome, also known as mucopolysaccharidosis type I (MPS‐I), is a rare inborn error of metabolism that results in the accumulation of glycoprotein due to a deficiency of lysosomal function. Available therapies are limited in their ability to address skeletal and neurological disease phenotypes, which are crucial for the patients\' quality of life. This study in a mouse model of the disease shows that transplanted human amniotic epithelial cells (hAECs) can compensate for the missing enzyme activity long term and improve disease phenotypes, including facial bone morphology, joint mobility, and sensorimotor coordination. As hAECs are readily available nontumorigenic cells, the presenting cell therapy approach is a novel alternative for treating MPS‐I Hurlers syndrome.

Introduction {#sct312169-sec-0002}
============

Mucopolysaccharidosis type 1 (MPS1) or Hurlers syndrome is one of the most common lysosomal storage disorders and is caused by a mutation in α‐[l]{.smallcaps}‐iduronidase (IDUA; EC 3.2.1.76), a glycosaminoglycan (GAG)‐degrading lysosomal exoglycosidase [1](#sct312169-bib-0001){ref-type="ref"}, [2](#sct312169-bib-0002){ref-type="ref"}. The incidence of MPS1 has been estimated as 1 case per 100,000 live births [3](#sct312169-bib-0003){ref-type="ref"}. The GAG storage disorder is systemic and heterogeneous, with various clinical manifestations including urinary excretion of excess GAG, skeletal dysplasia (broader, thicker bones, coarse facies), stiff joints, arthrogryposis and "clawed‐hand" deformities, visual and auditory defects, cardiac insufficiency, organomegaly and dysfunction, progressive neurocognitive decline, and early death. The clinical spectrum ranges from the severe Hurler syndrome (MPS1‐H) which is fatal within the first decade of life due to multisystem failure to the more attenuated Scheie syndrome (MPS1‐S) where patients may live into their late teens and early adulthood [4](#sct312169-bib-0004){ref-type="ref"}. Mental retardation and rapid neurological and sensorimotor deterioration are hallmarks of MPS1‐H, making this the variant with the most urgent need for new therapies.

Current treatments available for MPS1 patients include recombinant enzyme replacement therapy (ERT). However, the recombinant protein does not efficiently cross the blood‐brain barrier, and neutralizing antibodies attenuate the efficacy of this treatment [5](#sct312169-bib-0005){ref-type="ref"}. Gene therapy and hematopoietic stem cell (HSC)‐based therapy have been proposed as potential new therapies. At the preclinical stage, intravenous delivery of viral vectors and gene therapy approaches have shown promise, but the residual disease still affects nervous, skeletal, and heart tissue of these same mice in adulthood [6](#sct312169-bib-0006){ref-type="ref"}, [7](#sct312169-bib-0007){ref-type="ref"}. While HSC therapies have shown therapeutic effects on visceral organs of MPS1 mice, they do not adequately correct [8](#sct312169-bib-0008){ref-type="ref"}, or show only partial benefit to the neurological disease [9](#sct312169-bib-0009){ref-type="ref"}. Clinical HSC transplantation also alleviated many of the disease manifestations of MPS1‐H patients with the exception of neurological symptoms and bone morphology [4](#sct312169-bib-0004){ref-type="ref"}, [10](#sct312169-bib-0010){ref-type="ref"}, [11](#sct312169-bib-0011){ref-type="ref"}, [12](#sct312169-bib-0012){ref-type="ref"}, [13](#sct312169-bib-0013){ref-type="ref"}. Additionally, the morbidity and mortality associated with HSC transplantation are notable, chiefly due to rejection and graft versus host disease.

A recent combination approach utilizing HSC transplantation and gene therapy in MPS1 mice has achieved some success in this area via transplantation of IDUA overexpressing mouse and human hematopoietic progenitor cells [14](#sct312169-bib-0014){ref-type="ref"}, [15](#sct312169-bib-0015){ref-type="ref"}. The long‐term safety and efficacy of using genetically modified cells, however, remains to be determined.

Human amnion epithelial cells (hAECs) have been studied in other preclinical models of inherited metabolic diseases such as intermediate maple syrup urine disease (iMSUD) and Niemann‐Pick Disease [16](#sct312169-bib-0016){ref-type="ref"}, [17](#sct312169-bib-0017){ref-type="ref"}, [18](#sct312169-bib-0018){ref-type="ref"}. Importantly, upon transplantation into the livers of mice, undifferentiated hAECs have been shown to engraft, display hepatocyte‐like morphology, and express various genes and enzymes normally present in mature liver, suggesting functional hepatic differentiation upon engraftment [19](#sct312169-bib-0019){ref-type="ref"}, [20](#sct312169-bib-0020){ref-type="ref"}, [21](#sct312169-bib-0021){ref-type="ref"}, without tumorigenicity. The human amniotic membrane has been transplanted, without immunosuppression, into the subcutaneous space of healthy volunteers and patients with lysosomal storage diseases without reported adverse effects, evidence of rejection, or tumorigenicity [22](#sct312169-bib-0022){ref-type="ref"}, [23](#sct312169-bib-0023){ref-type="ref"}, [24](#sct312169-bib-0024){ref-type="ref"}, [25](#sct312169-bib-0025){ref-type="ref"}, [26](#sct312169-bib-0026){ref-type="ref"}, [27](#sct312169-bib-0027){ref-type="ref"}, [28](#sct312169-bib-0028){ref-type="ref"}, [29](#sct312169-bib-0029){ref-type="ref"}.

Here, we conducted a preclinical study to evaluate the therapeutic efficacy of hAEC cell transplantation in rescuing IDUA enzyme function and decreasing disease phenotype in a MPS1‐H NOD/SCID murine model. Our strategy, to use hAECs to treat MPSI H via cell therapy, is innovative in that it targets the largest internal organ, the liver, as the site of cell transplantation and engraftment. Previous studies have reported that as little as 0.13% of normal IDUA activity appears to be sufficient to prevent a severe phenotype [30](#sct312169-bib-0030){ref-type="ref"}. Expression of functional IDUA in even a minority of cells, via two rounds (day 2, 5) of liver‐directed unfractionated hAEC injections in neonatal mouse pups, is thus a suitable goal for early intervention and correction of the classic MPS1‐H biochemical phenotypes [31](#sct312169-bib-0031){ref-type="ref"}, measurable by tissue IDUA activity, excreted urinary GAGs, GAG accumulation in tissues, bone craniofacial morphology, and neurogenic sensorimotor coordination.

Materials and Methods {#sct312169-sec-0003}
=====================

Amniotic Epithelial Cell Isolation from Term Placenta {#sct312169-sec-0004}
-----------------------------------------------------

Human placentae were obtained from Los Angeles County+University of Southern California Medical Center with the approval of the Institutional Review Board (IRB: HS‐11‐00206). Only those from healthy mothers undergoing uncomplicated elective caesarean deliveries were used. All patients admitted to labor and delivery are routinely tested for Human Immunodeficiency Virus (HIV), Hepatitis B Virus (HBV), Hepatitis C Virus (HCV), Tuberculosis (TB), Chlamydia trachomatis (CT), Neisseria gonorrhoeae (GC), and syphilis. Any patient testing positive for these infectious diseases was excluded, as was any placenta showing macroscopic abnormalities or requiring detailed pathologic examination. hAECs were enzymatically isolated from the amniotic membrane as previously described, and cryopreserved [32](#sct312169-bib-0032){ref-type="ref"}. An average of 200 ± 82 × 10^6^ cells was isolated from one placenta. Five million of these hAECs were cultured for 5--7 days to evaluate the viability, cell morphology, and proliferation rate. The remaining cells were immediately cryopreserved. In most cases, we observed that more than 95% of the cells had the cobblestone shape characteristic of amniotic epithelial cells [33](#sct312169-bib-0033){ref-type="ref"}. Cells with less than 80% cell viability and more than 5% of fibroblast‐like morphology of the cells were not included in this study. Cryopreserved cells were thawed and cultured for 48--72 hours before the assays for the IDUA gene, protein expression, and enzyme function were performed. These cells were also used for the cell transplantation. Three different donor‐derived primary human hepatocytes were purchased from Gibco/Thermo Fisher Scientific (Gibco, Waltham, MA, [www.thermofisher.com](http://www.thermofisher.com)) and applied to in vitro assays as the control.

Animals {#sct312169-sec-0005}
-------

All studies were approved by the University of Southern California Institutional Animal Care and Use Committee and conducted following the NIH Guide for the Care and Use of Laboratory Animals. Breeder pairs of NOD.129(B6)‐*Prkdc^scid^ Idua^tm1Clk^* mice heterozygous for the IDUA mutation (\#004083) were obtained from The Jackson Laboratory (The Jackson Laboratory, Bar Harbor, ME, [www.jax.org/](http://www.jax.org/)), housed under specific‐pathogen‐free conditions and provided with standard chow (TEKLAD \#2018, Envigo, Huntingdon, Cambridgeshire, UK, [www.envigo.com](http://www.envigo.com)) and sterile/acidified water. Homozygous knockout (MPS1) mice start to develop disease phenotype including flattened facial profile, broadened head, thickened digits at 3 weeks of age. Severe phenotypes such as defective bone formation and broadening of the zygomatic bone have established by 8 weeks [34](#sct312169-bib-0034){ref-type="ref"} (Supporting Information Fig. S2A). PCR‐based genotyping was performed with specific primers according to the Jackson Laboratory\'s instructions.

Quantitative Single Cell Gene Expression Analysis {#sct312169-sec-0006}
-------------------------------------------------

Single‐cell gene expression analysis was performed using the Fluidigm BIOMARK HD system as per the manufacturer\'s recommendations (Fluidigm, San Francisco, CA, [www.fluidigm.com](http://www.fluidigm.com)). Briefly, single hAEC from three different placentae was sorted in each well of 96‐well plates to directly synthesize cDNA from each cell (CellsDirect One‐Step qRT‐PCR kit, Invitrogen/Thermo Fisher Scientific). Three different donor‐derived primary human hepatocytes were subjected to the same protocol to serve as controls. Fluidigm 96.96 Dynamic Array integrated fluidic circuits were used to analyze each sample for IDUA mRNA expression and compared with that of human primary hepatocytes.

Western Blotting {#sct312169-sec-0007}
----------------

Mouse tissue was homogenized in 100 μl Complete Lysis M‐buffer (Roche Applied Science, Indianapolis, IN, [lifescience.roche.com](http://lifescience.roche.com)) over ice and centrifuged for 15 minutes at 4°C 10 rpm. 20 μg total protein samples were prepared and solubilized in Laemmli sample buffer (Bio‐Rad, Hercules, CA, [www.bio-rad.com](http://www.bio-rad.com)) and 2‐β‐mercaptoethanol, separated on 4%--12% NuPAGEBis‐Tris Gel 1.0, and then electrotransferred to polyvinylidene difluoride membrane using iBlot gel transfer stacks (Novex Life Technologies/Thermo Fisher Scientific). The blots were blocked with 5% Skim milk for 1 hour at room temperature. Then the blots were reacted with 1:2,000 diluted IDUA/MPS1 rabbit anti‐mouse polyclonal antibody (LifeSpanBioSciences, Seattle, WA, [www.lsbio.com](http://www.lsbio.com)) overnight at 4°C, washed in low salt TBST (25 mMTrisHCl pH 8.0, 150 mMNaCl, 0.1% Tween‐20 \[vol/vol\]) three times, and reacted with horseradish peroxidase‐conjugated anti‐rabbit secondary antibody for 1 hour at room temperature. Finally, the blots were washed in low salt TBST and developed with WesternSure Premium Chemiluminescent substrate (LI‐COR, Biotechnology, Lincoln, NE, [www.licor.com](http://www.licor.com)) on C‐DiGit Blot scanner (LI‐COR).

hAEC Injections/hAEC Transplant Treatment Protocol {#sct312169-sec-0008}
--------------------------------------------------

On day 2 and day 5 after the birth, hAECs or phosphate‐buffered saline (PBS) were directly injected into the livers of neonatal mice. Prior to injection, cell viability was determined by Trypan Blue exclusion to be \>90%, and enriched cell suspensions (10 × 10^6^ cells per milliliter) were prepared with PBS. Neonate recipient mice were first anesthetized by utilizing the hypothermia induction method and placed on a paper‐lined plastic dish without restraint. The maximum tolerated dose for single injection was previously determined with preliminary studies. Injection of more than a half million cells increased the mortality rate after transplantation. Therefore, a 50 µl infusion of 0.5 × 10^6^ hAECs in PBS was administered by direct percutaneous injection into the liver pulp of neonatal mice using a sterile 30‐gauge needle. A total of one million hAEC cell transplantations were performed twice on day 2 and day 5 after birth. Each cell transplantation consisted of a single injection that primarily targeted the left and median liver lobes. After transplantation, we placed the mice on a warm pad until they completely recovered. Recipient mice were then returned to their dam. Genotyping was performed post‐weaning. All animals were observed and euthanized at 28 weeks.

Immunohistochemistry {#sct312169-sec-0009}
--------------------

Mouse livers were fixed in 4% paraformaldehyde, paraffin embedded, and sliced into 5 μm sections. Endogenous peroxidases were quenched using 0.3% hydrogen peroxide solution followed by blocking using 2.5% goat serum. Mouse anti‐human mitochondrial IgG (1:1,000; Merck Millipore, Billerica, MA, [www.emdmillipore.com](http://www.emdmillipore.com)) and horseradish Peroxidase‐Conjugated goat anti‐mouse IgG (1:2,000; Vector Laboratories, Burlingame, CA, [vectorlabs.com](http://vectorlabs.com)) were used as primary and secondary antibodies, respectively. Bound antibodies were visualized using a peroxidase detection kit (ImmPACTNovaRED Peroxidase Substrate; Vector).

Quantitative Imaging Using Micro‐CT {#sct312169-sec-0010}
-----------------------------------

At 24 weeks of age, all 26 mice were imaged by the whole body computed tomography using Inveon micro‐CT (Siemens Medical Solutions, Knoxville, TN, [www.healthcare.siemens.com](http://www.healthcare.siemens.com)). Scans were acquired across 360°, and the X‐ray settings were standardized to 80 kV and 500 µA, with an exposure time of 0.7 seconds per frame to yield a nominal resolution of 35 μm. A 0.5‐mm‐thick aluminum filter was used to minimize beam‐hardening artifacts. Scan time for each sample was approximately 15 minutes. Subsequently, Amira 6.0 (FEI Software, Hillsboro, OR, [www.amira.com](http://www.amira.com)) was used to analyze bone volume and density from collected CT images. Right and left zygomatic cheekbones were targeted for comparison of bone volume and density and also normalized as a ratio of individual skull size. Results were presented using a common colormap spanning the same density range for the Untreated, WT and Treated MPS1 mice that rendered all bone densities between low bone density values (--1,000 raw CT units as red) to high bone density values (8,000 raw CT units as yellow) volume renderings of bone density. Mineral density was calibrated in units of mg HA/cc using a standard hydroxyapatite phantom (Scanco Medical AG, Bruettisellen, CH, Switzerland, [www.scanco.ch](http://www.scanco.ch)). Volume was measured as the product of the number of voxels comprising the zygomatic bone and the voxel resolution.

Urinary GAG Excretion {#sct312169-sec-0011}
---------------------

Urine samples were collected weekly by using diuresis cages (Tecniplast, West Chester, PA, [www.tecniplast.it/us](http://www.tecniplast.it/us)), diluted, and frozen at −20°C until analyzed. GAG concentration in the urine was determined by the 1,9‐dimethylmethylene blue (DMMB; Sigma--Aldrich, St. Louis, MO, [www.sigmaaldrich.com](http://www.sigmaaldrich.com)) method. Serial dilutions of urine (25 μl) were mixed with 25 μl of 0.48 M guanidine HCl and 200 μl of the DMMB dye and measured as previously described in two protocols [31](#sct312169-bib-0031){ref-type="ref"}, [35](#sct312169-bib-0035){ref-type="ref"}. The absorbance value was determined as ΔA= Abs~1~ 550 nm--Abs~2~ 650 nm. GAG concentration was calculated using a standard curve generated from heparan sulfate standards. Urinary creatinine concentration was selected as the normalizing value [36](#sct312169-bib-0036){ref-type="ref"}, [37](#sct312169-bib-0037){ref-type="ref"} and determined using a colorimetric picric acid endpoint enzymatic assay kit (Crystal Chem, Downers Grove, IL, [www.crystalchem.com](http://www.crystalchem.com)). Urinary GAG excretion was expressed as μg GAG/mg creatinine for each urine sample.

Alpha‐l‐Iduronidase Activity Assay {#sct312169-sec-0012}
----------------------------------

Sodium formate, formic acid, 4‐methylumbelliferone, glycine, NaOH, Triton X‐100 and sodium azide were obtained from Sigma and 4‐methylumbelliferyl alpha‐[l]{.smallcaps}‐iduronide from Glycosynth (Warrington, Cheshire, U.K., [www.glycosynth.co.uk](http://www.glycosynth.co.uk)).

For Organ IDUA Activity: After sacrifice using isoflurane, mice were perfused transcardially with cold PBS. Samples from the brain (and cerebellum), heart, kidney, liver (all lobes), spleen, and lungs were immediately harvested and flash‐frozen for IDUA and GAG analysis. Harvested mouse tissues were placed in 1 ml PBS in a microcentrifuge tube on ice and homogenized using a motorized pestle.

For Intracellular IDUA activity in Cultured Cells/Frozen Hepatocytes: Cells were homogenized by ultrasonic sonication (QSonica Q700, Newtown, CT, [www.sonicator.com](http://www.sonicator.com)) in 100 μl cold PBS over ice at a pulse mode rate of 10 seconds, three times, at 40% amplitude and set temperature of 4°C. Homogenate was centrifuged for 10 minutes at 4°C, 13,000 rpm to recover cytosolic protein IDUA enzyme. 10% Triton X‐100 in PBS was added, and the homogenate (tissue/cell) kept on ice for 10 minutes. Protein concentration in the clarified supernatant was estimated by the Bradford colorimetric method. Briefly, 25 μl of a solution of 50 μM 4‐methylumbelliferyl alpha‐[l]{.smallcaps}‐iduronide made in 0.4 M sodium formate buffer, pH 3.5, containing 0.2% Triton X‐100 was added to 25 μl of tissue homogenate and incubated for 1 hour at 37°C in the dark. The reaction was quenched by adding 200 μl of 0.5 M NaOH/glycine buffer, pH 10.3. Tubes were centrifuged for 1 minute at 13,000 rpm at 4°C, the supernatant transferred to a 96 wells plate, and fluorescence read at 365 nm excitation wavelength and 450 nm emission wavelength using a SpectraMax M5 fluorometric plate reader (Molecular Devices, Sunnyvale, CA, [www.moleculardevices.com](http://www.moleculardevices.com)). IDUA activity in the tissue samples was calculated as: activity in ng/hour = (fluorometric reading of the tissue sample × A)−B, where A and B were the values obtained from the curve fit the equation of standard curve generated using pure end product (4‐methylumbelliferone). The specific activity of IDUA was expressed as nmol/hour/mg protein in each sample.

Alcian Blue/Alizarin Red Adult Mouse Skeletal Staining and Limb Measurements {#sct312169-sec-0013}
----------------------------------------------------------------------------

After euthanizing mice at 28 weeks, forelimbs and hind limbs were collected and fixed in 70% ethanol for 1--2 weeks. Skin and hair were removed, and limbs were fixed in 95% ethanol for several days. Limbs were stained with Alcian Blue solution: 20 mg Alcian Blue 8 Gx, 70 ml 100% ethanol, 30 mL glacial acetic acid, all from Sigma‐Aldrich, shielded from light, for 12 days. When satisfied with the darkness of blue, specimens were digested with 2% potassium hydroxide for 4 days, cleaned, soaked in 95% ethanol overnight, and stained with Alizarin Red solution (100 ml 1% potassium hydroxide, 6 mg Alizarin Red, all from Sigma‐Aldrich) for overnight. Staining was stopped with 70% ethanol overnight. Specimens were stored in 50% Glycerol: 50% ethanol solution. Forelimb third metacarpal and proximal phalanges, as well as hindlimb third metatarsal and proximal phalanges for wild‐type, untreated, and treated mice were visualized and photographed using Olympus SZX16 Stereo Microscope (Olympus, Waltham, MA, [www.olympus-lifescience.com](http://www.olympus-lifescience.com)) and SPOT Advanced Plus Software 5.0 (SPOT Imaging, Sterling Heights, MI, [www.spotimaging.com/](http://www.spotimaging.com/)). Quantification of bone length, width, and volume was done using ImageJ Software.

Rotarod Test for Sensorimotor and Behavioral Testing {#sct312169-sec-0014}
----------------------------------------------------

A rotarod apparatus (ROTOR‐ROD Model for Mice, San Diego Instruments, San Diego, CA, [www.sandiegoinstruments.com](http://www.sandiegoinstruments.com)) was used to measure the ability of WT, MPS1 homozygous untreated, and treated mice to remain balanced on a rotating rod (3.2 cm diameter) at four different speeds. Mice used in this experiment were 23 weeks of age and naïve to the test. A total of 13 mice (4 WT, 4 untreated, and 5 treated were tested. Mice were first individually habituated to the stationary rod for 180 seconds, then tested at incremental speeds of 5, 15, 25, or 35 rpm three trials at each speed for 5 consecutive days. Mean scores of the three trials at each speed were calculated. Latency to fall (in seconds) was scored for each animal at each speed in each trial. Seven photo beams per lane below the running rod assured that only true falls were recorded on ROTOR‐ROD software per trial. Animals rested 10 minutes between trials to prevent fatigue and exhaustion. The test requires a high degree of sensorimotor coordination and acquisition of motor skills. The initial test served as a measure of baseline sensorimotor function, and impairment is indicative of damage to the basal ganglia and cerebellum [31](#sct312169-bib-0031){ref-type="ref"}. Patterns of improvement or decrement in motor coordination were assessed by repeating the testing on five consecutive days.

Statistical Analysis of IDUA Activity, Urine GAG levels, and Cheekbone Micro‐CT Analysis {#sct312169-sec-0015}
----------------------------------------------------------------------------------------

Results are expressed as mean ± standard error of the mean (SEM). All assays were repeated at least three times with two biological replicates and three technical replicates. Statistical analysis was performed with Prism 6.0h (GraphPad Software, San Diego, CA, [www.graphpad.com](http://www.graphpad.com)). Experimental and control groups were compared with unpaired Student\'s *t* test or one‐way analysis of variance (ANOVA) (with Bonferroni post hoc analysis and Tukey\'s multiple comparison). A value of *p* \< .05 was considered statistically significant.

Results {#sct312169-sec-0016}
=======

Primary Human Amniotic Epithelial Cells Possess IDUA Enzyme Function {#sct312169-sec-0017}
--------------------------------------------------------------------

The IDUA gene and protein expression and the enzyme activity in unfractionated hAECs were compared with that of primary human hepatocytes by single‐cell quantitative RT‐PCR, Western blot analysis, and IDUA activity assay, respectively (Fig. [1](#sct312169-fig-0001){ref-type="fig"}). Prior to these analyses, the protein homology of human IDUA and mouse Idua was confirmed (Supporting Information Fig. S1). Single cell qRT‐PCR analyses were conducted with samples from three individuals. The data revealed that *IDUA* gene expression of hAECs is overall equivalent to that of human primary hepatocytes (Fig. [1](#sct312169-fig-0001){ref-type="fig"}A). In fact, hAECs contain more IDUA protein per total cellular protein than do hepatocytes as assessed by Western blot (Fig. [1](#sct312169-fig-0001){ref-type="fig"}B). In vitro activity of IDUA enzyme isolated from hAECs was equivalent to slightly higher than that of IDUA isolated from primary hepatocytes, as normalized to total IDUA protein in the assay (Fig. [1](#sct312169-fig-0001){ref-type="fig"}C). Cultured hAECs were also probed for lysosomal IDUA and lysosome‐associated protein‐1 (LAMP1), which confirmed the presence of abundant IDUA containing lysosomes in hAECs (Supporting Information Fig. S1B). Liver‐directed cell transplantation was performed by direct percutaneous injection of 0.5 × 10^6^ unfractionated hAECs into the liver parenchyma. A total of 1 million hAECs were administered in two doses, at days 2 and 5 after birth (Fig. [1](#sct312169-fig-0001){ref-type="fig"}D). hAEC transplanted MPS1 homozygous mice (Treated), PBS injected MPS1 homozygous (Untreated), and wild‐type littermates (WT) were observed for 24 to 28 weeks with weekly urine collection beginning at 8 weeks to assess GAG excretion levels. Sensorimotor rotarod 5‐day training was performed at 24 weeks, followed by micro‐computed tomography (micro‐CT) imaging for bone morphology analysis, and sacrifice for tissue enzymatic assay and histology. Engraftment of human cells in mouse liver was confirmed by immunohistochemically staining human mitochondria in the recipient mouse liver (Fig. [1](#sct312169-fig-0001){ref-type="fig"}E, [1](#sct312169-fig-0001){ref-type="fig"}F, Supporting Information Fig. S2B--S2F).

![Primary hAEC characterization and the liver‐directed cell transplantation. **(A)**: Single cell gene expression data reveal *IDUA* gene expressions in hAECs is equivalent to that of primary human hepatocytes. Delta‐Ct values were calculated from the difference in the Ct of IDUA and that of three housekeeping genes: GAPDH, beta‐actin, and cyclophilin A. Each dot represents the delta‐Ct value of a single cell that was isolated from three different placentae. Three different primary human hepatocytes purchased from Gibco/Thermo Fisher Scientific were used as the control. **(B)**: Western blot analysis demonstrated that hAECs contain more IDUA protein than hepatocytes. **(C)**: In vitro IDUA enzyme activity is not significantly different in hAEC and primary hepatocytes. Mean $~ \pm$ SEM were graphed. (ns *p* $= .9543,$ Unpaired Student\'s *t* test). **(D)**: The schematic shows an overview of the experimental procedure. The amniotic epithelial cells were enzymatically isolated from the innermost lining of placenta (H&E staining). The isolated cells were cryopreserved immediately and thawed 48--72 hours before cell transplantation. A total of one million hAECs were transplanted twice by direct percutaneous injection into the neonate mouse liver parenchyma at days 2 and 5 after birth. Mice were observed until 28 weeks after the transplantation. At 28 weeks after liver‐directed injection, NOD/SCID MPS1 mice were euthanized, livers were processed for histology, and engrafted human cells were detected using a mouse anti‐human mitochondrial antibody with NovaRED peroxidase substrate. The panel shows PBS injected control mouse liver **(E)** and hAEC injected mouse liver **(F)**. Abbreviations: CV, central vein; GAPDH, glyceraldehyde‐3‐phosphate dehydrogenase; hAECs, human amniotic epithelial cells; IDUA, α‐[l]{.smallcaps}‐iduronidase; PV, portal vein.](SCT3-6-1583-g001){#sct312169-fig-0001}

Restoration of IDUA Enzyme Function in MPS1 Homozygous Mice After hAEC Transplantation {#sct312169-sec-0018}
--------------------------------------------------------------------------------------

From 8 to 24 weeks, urine GAG concentrations of WT, Untreated, and Treated mice were analyzed. MPS1 Treated mice demonstrated a significant decrease (3.1‐fold) of urine GAG levels compared to MPS1 Untreated mice, *p* \< .0001 (Fig. [2](#sct312169-fig-0002){ref-type="fig"}A). MPS1 Treated mice demonstrated consistently lower urinary GAG levels than untreated mice during the observation period (Fig. [2](#sct312169-fig-0002){ref-type="fig"}B). The time course data indicated that stable functional recovery of IDUA enzyme was mediated by the hAEC transplantation. At the experimental endpoint, IDUA activity was biochemically assayed in six major organs including liver, kidney, lung, spleen, heart, and brain. Although there was a trend toward higher IDUA enzyme activities in all six organs of MPS1 Treated mice, the differences were not statistically significant except in the liver (Fig. [2](#sct312169-fig-0002){ref-type="fig"}C). Liver IDUA enzyme activity was significantly restored in all treated mice compared to untreated mice (*p* \< .05). However, the enzyme activity was still 75% lower than was seen in the livers of WT mice (Fig. [2](#sct312169-fig-0002){ref-type="fig"}D). Liver histology by Alcian Blue staining of acidic mucopolysaccharides/GAGs in tissue did not demonstrate notable improvement in the lobes sampled, with some persistence of staining surrounding portal and central veins (Fig. [2](#sct312169-fig-0002){ref-type="fig"}E). Staining of brain (striatum), cerebellum, and kidney tissue revealed a minor decrease in GAG inclusions in the treated MPS1 mice compared to those not treated (Supporting Information Fig. S3A--S3D). No tumor formation was observed in any organs in a total of 96 recipient mice throughout this study. Although we did not observe immediate death after cell transplantation, the overall mortality in the transplanted neonatal animals was 6.25%.

![Restoration of IDUA enzyme function in MPS1 homozygous mice after human amniotic epithelial cells (hAECs) transplantation. **(A)**: hAEC transplanted MPS1 homozygous (Treated) mice demonstrated significant decrease of urinary GAG concentration. **(B)**: Throughout the monitoring period of 8 to 24 weeks, urinary GAG concentrations of treated mice were consistently lower than untreated mice. The average urinary GAG concentrations of untreated mice (3.112 $~ \pm$ 1.850 μg GAG/mg creatinine) and wild type (0.531 $~ \pm$ 0.357 μg GAG/mg creatinine) were supplementally presented in red and blue straight lines, respectively. **(C)**: Tissue IDUA activity was biochemically assayed in six major organs including liver, kidney, lung, spleen, heart, and brain. While IDUA enzyme activities were higher in all organs of treated mice, the differences were not statistically significant except in the liver. Mean $\pm$ SEM were graphed (\*, *p* $< .05$, Unpaired Student\'s *t* test). **(D)**: Although liver IDUA enzyme activity was significantly restored by hAEC transplantation, it was still significantly lower than the wild type mouse liver. Mean $\pm$ SEM were graphed. *n* = 26. **(E)**: Liver histology (Alcian Blue staining of mucopolysaccharides and nuclear fast red counterstain) did not demonstrate notable decreases in GAG accumulation (indicated by yellow arrows). Abbreviations: BD, bile duct; CV, central vein; GAG, glycosaminoglycan; IDUA, α‐L‐iduronidase; PV, portal vein; WT, wild type.](SCT3-6-1583-g002){#sct312169-fig-0002}

Bone Morphology and Quality Analysis by High‐Resolution Micro‐CT {#sct312169-sec-0019}
----------------------------------------------------------------

Craniofacial and skeletal disorders, such as thickened calvaria and poor long bone remodeling with shortened, irregular wide shafts, are hallmarks of the MPS1 clinically and in the mouse model. In humans, the constellation of skeletal dysplasia and spinal abnormalities (the latter not seen in the mouse model) are known as the dysostosis multiplex. In the mouse model, widening of the zygomatic arches, foreshortening of the premaxillary bones, and enlargement of the cranium have been especially well‐documented [31](#sct312169-bib-0031){ref-type="ref"}, [34](#sct312169-bib-0034){ref-type="ref"}, [38](#sct312169-bib-0038){ref-type="ref"}, [39](#sct312169-bib-0039){ref-type="ref"}. The increasing zygomatic bone volume and density in fact, is a signature phenotype of Idua^--/--^ MPS1 mice [31](#sct312169-bib-0031){ref-type="ref"} and was thus selected as a point of comparison for our study. We performed 3D morphometry measurements for both right (blue) and left (green) zygomatic bone volume and density using micro‐CT (Fig. [3](#sct312169-fig-0003){ref-type="fig"}A). Zygomatic bone volume was significantly decreased in treated mice (Fig. [3](#sct312169-fig-0003){ref-type="fig"}B). Dot plots of individual zygomatic bone volumes indicate that hAEC transplantation improved the extremely high volume group disease mice more so than the mild phenotype mice. Sagittal views of 3D bone surface rendering reveal the shortened nose phenotype in treated and untreated MPS1 mice. Bone density images reveal slightly higher bone density levels in the untreated mouse skull (Fig. [3](#sct312169-fig-0003){ref-type="fig"}C, Supporting Information Fig. S4A). Statistical analysis (one‐way ANOVA, *p* \< .0001) of the quantified hydroxylapatite density of the skull (HA: mg/cc) demonstrated a significantly lower bone density in the hAEC treated group (1,309.90 ± 223.93 mg/cc) as compared to the untreated group (1,559.37 ± 51.50 mg/cc) (Tukey\'s multiple comparison test, *q* = 6.412) (Fig. [3](#sct312169-fig-0003){ref-type="fig"}D).

![Bone morphology and quality analysis by high‐resolution X‐ray micro‐computed tomography (micro‐CT). **(A)**: Increased zygomatic bone volume is a signature phenotype of homozygous *Idua* knockout (MSP1) mice. We measured both right (blue) and left (green) zygomatic bone volume and density using micro‐CT derived virtual models. **(B)**: Zygomatic bone volume was significantly decreased in treated mice. Volume measured as the product of the number of voxels making the zygomatic bone and the voxel resolution. Each dot represents zygomatic bone volume normalized with skull size. *n* = 26. **(C)**: Sagittal view bone surface renderings reveal the short, flattened nose phenotype in untreated and to a lesser extent, treated mice. Comparative analysis of the volumetric bone density distribution reveal higher bone density level in the untreated mouse skull compared to WT and treated mouse. The results were presented using a common colormap across the untreated WT and treated mice that rendered all bone densities between low bone density value (--1,000 raw CT units as red) to high bone density values (8,000 raw CT units as yellow) volume renderings of bone density. Note the increase in the amount of yellow in the untreated compared to WT and treated mouse. **(D):** HA density per a cubic centimeter indicated statistically significant differences between treated and untreated groups. Mineral density was calibrated in units of mg HA/cc using a standard hydroxyapatite phantom (Scanco Medical AG). Mean $\pm$ SEM were graphed, *n* = 26. Abbreviations: HA, hydroxyapatite; MPS1, mucopolysaccharidosis type 1; WT, wild type.](SCT3-6-1583-g003){#sct312169-fig-0003}

Limb Skeletal Morphology in MPS1 Mice Demonstrated by Alizarin Red and Alcian Blue Staining {#sct312169-sec-0020}
-------------------------------------------------------------------------------------------

In human MPS1 disease, joints often become stiffened by the age of two years, with progressive arthropathy universally affecting the joints and leading to poor hand function and range of motion. The hands commonly take on a characteristic joint contracture deformity resulting from both phalangeal dysostosis and synovial thickening. Similarly, untreated MPS1 mice show arthrogryposis in the first and second joints and a "clawed hand" phenotype, as well as thicker connective tissue deposition, visible by Alcian Blue staining (Fig. [4](#sct312169-fig-0004){ref-type="fig"}A). The width of the third metacarpal (Fig. [4](#sct312169-fig-0004){ref-type="fig"}B) and proximal phalanges were measured and plotted. Although the average width of MPS1 Treated group (third metacarpal: 0.384 ± 0.045, proximal phalanx: 0.364 ± 0.079) was shorter than the MPS1 Untreated group (third metacarpal: 0.453 ± 0.052, proximal phalanx: 0.452 ± 0.045), there were no statistically significant differences. However, there was remarkable improvement of joint contractures. Whereas most of the connective tissue in the WT and the MPS1 Treated groups\' forehands dissolved after 2% potassium hydroxide process, the MPS1 Untreated group revealed a large volume of adherent connective tissue deposition from the wrist to the distal interphalangeal joints. As a result, the interphalangeal joints of MPS1 Treated group were more easily movable than the MPS1 Untreated group, comparable to those of the WT group. While these differences were observed during quiet home cage behavior evaluation and handling, the differences in ease of mobility were not quantified.

![Limb skeletal morphology in MPS1 mice demonstrated by Alizarin Red and Alcian Blue staining. **(A)**: Forelimbs of WT; MPS1 homozygous treated (Treated); and MPS1 Homozygous (Untreated) mice were stained with Alizarin Red (bone) and Alcian Blue (acid mucopolysaccharides). Arthrigryposis in the first and second joints of the forelimb with "claw‐shaped" hand as well as thicker connective tissue deposition were seen in the MPS‐1 homozygous untreated mice. The width of the third metacarpal **(B)** and proximal phalanges **(C)** were not statistically significant different between groups, though slight improvement was seen in treated mice versus untreated mice (Mean $\pm$ SEM, *n* = 14 per group, *p* $\left. ~ = \,.1021 \right)$. Abbreviations: MPS1, mucopolysaccharidosis type 1; WT, wild type.](SCT3-6-1583-g004){#sct312169-fig-0004}

Rotarod Performance Test Showing Behavioral Phenotype Improvement in the hAEC Transplanted Mice {#sct312169-sec-0021}
-----------------------------------------------------------------------------------------------

Progressive mental retardation is a hallmark of MPS1 in human patients, though the exact mechanisms are not completely understood, they appear to involve neuron loss with atrophy, altered neuronal structures, and obstruction of cerebrospinal fluid reabsorption [40](#sct312169-bib-0040){ref-type="ref"}, [41](#sct312169-bib-0041){ref-type="ref"}, [42](#sct312169-bib-0042){ref-type="ref"}. There is extreme heterogeneity in the severity of developmental and intellectual manifestations. Both the human disease and mouse MPS1 model demonstrate progressive accumulation of GAG material in the brain. Previous MPS1 mouse studies have shown defective sensorimotor integration involving the cerebellum, striatal, and proprioceptive pathways and the cerebral cortex, as well as impaired acquisition of motor coordination [31](#sct312169-bib-0031){ref-type="ref"}. These abnormalities are correlated with the location of neuropathological changes, demonstrated by Alcian Blue staining GAG accumulation in the brain, particularly in the cerebellum (Supporting Information Fig. S3C, S3D). Sensorimotor function and motor coordination learning capabilities of hAEC treated mice were thus evaluated by rotarod performance test over 5 consecutive days of training. Whereas reproducible abnormalities in the sensorimotor function and abnormal motor coordination learning were observed in the MPS1 Untreated mice, MPS1 Treated mice demonstrated significant (*p* \< .01) improvement in both motor coordination with increasing speed and learning, and improved balance times from day 1 to day 5 (Fig. [5](#sct312169-fig-0005){ref-type="fig"}, Supporting Information Fig. S4B). Wild‐type mice were expected to remain on a rotating bar (rotarod)for longer periods of time than the MPS1 Untreated mice, with the differences increasing with higher rotational speeds. At all of the tested speeds (5, 15, 25, 35 rpm), the MPS1 Treated mice demonstrated improvement in motor coordination skills compared to MPS1 Untreated mice (Fig. [5](#sct312169-fig-0005){ref-type="fig"}A). At 35 rpm, MPS1 Untreated mice appeared unable to improve much over the course of 5 days. On day 1 of training at each of the four speeds, MPS1 Untreated mice were able to balance on the rotarod for less than half as long as WT, and less than MPS1 Treated mice. By day 5 of training, WT and MPS1 Treated mice were able to remain balanced on the rotarod for longer at the higher speeds. The performance of MPS1 Untreated mice improved slightly but never became equal to that of WT or MPS1 Treated mice. The improvement rate of MPS1 Untreated mice over the course of the 5‐day training was also lower than WT and MPS1 Treated mice. At speeds of 15 rpm in fact, the improvement ratio was significantly higher (one‐way ANOVA analysis of variance, *p* = .003) in the MPS1 Treated mice compared to MPS1 Untreated mice. There was no significant difference between WT and MPS1 Treated mice at this speed (Fig. [5](#sct312169-fig-0005){ref-type="fig"}B). We observed, but did not quantify, that the overall behavior of hAEC treated mice was improved. On quiet home cage evaluation nearing the endpoint of this study, these mice were actively grooming, eating, drinking, and interacting with their cage mates. This was more comparable to WT behavior than to that of their untreated/PBS injected counterparts, which displayed the MPS1 phenotype of rough fur, weaker forelimb grip on cage bars, along with slower movements.

![Rotarod performance test showing behavioral phenotype improvement in the human amniotic epithelial cells (hAECs) transplanted mice. **(A)**; Wild type (WT; Blue), mucopolysaccharidosis type 1 (MPS1) homozygous treated (Treated; Green) and MPS1 homozygous (Untreated; Red) were trained on the rotarod for 5 days at 4 different rotation speeds (5, 15, 25, 35 rpm). All mice were 23 weeks of age and naive to the rotarod test. With all tested speeds on the rotarod, the treated mice showed improvement in motor coordination skills. **(B)**: After 5 days of a learning period, the improvement ratio was significantly higher in the hAEC‐transplanted mice (green) compared to untreated (red) mice at a speed of 15 rpm. The improvement was demonstrated as relative to Day 1 balance time. There was no significant difference between wild type mice and treated mice. Mean $~ \pm$ SEM were graphed (ns *p* $~ \geq .05$, \*\*, *p* \< .01, one‐way ANOVA).](SCT3-6-1583-g005){#sct312169-fig-0005}

Discussion {#sct312169-sec-0022}
==========

Our study demonstrates the therapeutic efficacy of hAEC transplantation into the neonatal livers of the MPS1 disease mouse model. Throughout the 28 weeks of extended post‐transplantation observation period, treated mice showed significant improvement in multiple aspects of the disease phenotype. In addition to significantly increasing the level of IDUA activity in the liver and lowering urine GAG concentration, treatment correlated with improved neurological performance and bone density. Previous studies have shown that excess GAG accumulation inhibits the degradation of collagen type II by cathepsin K, resulting in impaired osteoclast activity and decreased cartilage resorption. This contributes to the skeletal abnormalities seen in the MPS1 human disease and the mouse model [43](#sct312169-bib-0043){ref-type="ref"}, [44](#sct312169-bib-0044){ref-type="ref"}. Significant normalization of bone volume and density values in our treated mice is further evidence of the therapeutic reduction of systemic GAGs achieved via liver‐directed hAEC transplantation. The decreased severity of joint contractures indicates that the treated mice regained some level of flexibility and mobility in their forehands compared to untreated mice. Combined with the significant improvement in sensorimotor coordination and learning capabilities, these results suggest that the hAEC transplantation possesses tremendous potential to improve patients\' quality of life.

hAECs possess four unique properties: low immunogenicity [29](#sct312169-bib-0029){ref-type="ref"}, immunomodulatory/anti‐inflammatory activity [45](#sct312169-bib-0045){ref-type="ref"}, [46](#sct312169-bib-0046){ref-type="ref"}, multilineage differentiation potential [24](#sct312169-bib-0024){ref-type="ref"}, [33](#sct312169-bib-0033){ref-type="ref"}, [47](#sct312169-bib-0047){ref-type="ref"}, and they are lysosome‐rich cells [18](#sct312169-bib-0018){ref-type="ref"}, [27](#sct312169-bib-0027){ref-type="ref"}, [48](#sct312169-bib-0048){ref-type="ref"}. These properties have attracted clinicians and researchers looking for an appropriate, more abundant cell source to treat congenital metabolic liver disorders where a single enzyme function is defective or lost. The therapeutic efficacy of hAEC transplantation has been shown with other congenital metabolic disorder mouse models. Skvorak et al. transplanted hAEC directly into the liver of iMSUD neonate mice [16](#sct312169-bib-0016){ref-type="ref"}, [17](#sct312169-bib-0017){ref-type="ref"}. Whereas untreated control mice die within 40 days after their birth, hAEC transplanted disease mice survived more than 100 days. An intraparenchymal liver delivery approach using hAECs is thus reasonable and successful for liver‐specific metabolic disorders. While our targeted disease MPS1 is, unlike iMSUD, a systemic disorder, we hypothesized that expression of the enzyme in the liver, the largest internal organ and a reservoir of lysosomes and IUDA producing cells, would be sufficient to rescue many of the systemic defects and disease phenotypes. To this end, the differentiation capability of hAEC into hepatocytes was not crucial as long as the IDUA enzyme activity was equivalent or superior to the native hepatocytes. As we demonstrated, the naive hAECs express the IDUA gene and protein in sufficient quantity.

hAEC transplantation has advantages to traditional therapies such as ERT. Clinical ERT studies with MPS‐1 patients have shown the development of anti‐laronidase IgG antibodies during the first months of treatment. However, evolving tolerance resulted in an IgG reduction at 2 years of treatment [49](#sct312169-bib-0049){ref-type="ref"}, [50](#sct312169-bib-0050){ref-type="ref"}. Therefore, while we may observe an increase in initial antibody titer, we anticipate that this will likely not cause a problem in the long term. In addition, the IDUA enzyme will be enclosed inside the lysosomes of hAECs, which have shown low immunogenicity [29](#sct312169-bib-0029){ref-type="ref"}. This may further limit exposure to the host immune system and subsequent antibody development, which would maximize IDUA levels.

In the clinical setting, the required number of cells for therapeutic efficacy will be dependent on the case. The patient\'s age, the level of enzyme function, and the degree of GAG accumulation will vary and will need to be considered to determine the appropriate dose of donor cells. Until we obtain sufficient clinical data, the most practical approach will be to start with a small quantity of cells and then repeat the cell transplantation until overall IDUA function is restored to a normal threshold value. Unlike transplantation of whole organs and hematopoietic stem cells, AEC transplantation requires a minimally invasive procedure, which can be repeated without excess burden on the patient. A gene therapy study using the same mouse model demonstrated that an expression level of 1% normal IDUA activity in the liver was sufficient to reduce the GAG level in liver, spleen, kidney, heart, and lung [51](#sct312169-bib-0051){ref-type="ref"}. Studies using fibroblasts from individuals with MPS I have revealed that as little as 0.13% of normal IDUA activity appears to be sufficient to produce a mild phenotype [30](#sct312169-bib-0030){ref-type="ref"}. In this study, we demonstrated that injecting hAECs to achieve approximately 1.5% of total mouse neonate liver cells showed up to 25% of IDUA enzyme recovery, which is greater than the activity of mild phenotype patients. About 200 million hAECs can be isolated from one placenta, which is considerably higher than other sources of stem cells. Our previous in vitro study indicated that these cells are able to propagate over 10 passages [33](#sct312169-bib-0033){ref-type="ref"}. Although we have not tested the IDUA activity of these expanded hAECs, in theory, more than two hundred billion cells will be available from one placenta.

This study showed that the transplanted hAECs engrafted in the recipient liver and metabolized excess GAGs produced by the neighboring diseased hepatocytes. In addition to the expected enzyme activity in the liver, a slight increase of IDUA activity was observed in other organs including the brain. As the transplanted cells were not able to pass the blood‐brain barrier, this observation may be explained by hAEC‐derived vesicles such as exosomes. In fact, increasing evidence suggests that intracellular exosome transfer contributes to the therapeutic efficacy of cell transplantation for diseases such as myocardial ischemia and infarction [52](#sct312169-bib-0052){ref-type="ref"}, [53](#sct312169-bib-0053){ref-type="ref"}, [54](#sct312169-bib-0054){ref-type="ref"} and MPS VII corneal defects [55](#sct312169-bib-0055){ref-type="ref"}. Further studies are required to determine the cell‐to‐cell communication involved in the therapeutic mechanism of hAEC transplantation and IDUA delivery. Once this therapeutic mechanism is defined, the next step will be to reproduce this therapeutic efficacy with hAEC isolated under current Good Manufacturing Practices (cGMP) conditions. We envision that the clinical hAEC transplantation will be conducted with the protocol that has been established for clinical hepatocyte transplantation, utilizing the umbilical vein to transplant HLA‐matched AECs into the newborn liver. For Hurler syndrome patients, cell transplantation should ideally be performed as soon as it is diagnosed and prior to reaching pathologic levels of GAG.

Conclusion {#sct312169-sec-0023}
==========

In summary, our study demonstrates the therapeutic efficacy of hAECs for MPS1 Hurlers Syndrome. This cell replacement approach targeting the liver with previously established hepatocyte transplantation protocols could provide a viable and efficacious therapy for patients who suffer congenital metabolic lysosomal storage disorders.
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